One hundred and fifty years of neurolinguistic research has identified the key structures in the human brain that support language. However, neither the classic neuropsychological approaches introduced by Broca (1861) and Wernicke (1874), nor modern neuroimaging employing PET and fMRI has been able to delineate the temporal flow of language processing in the human brain. We recorded the electrocorticogram (ECoG) from indwelling electrodes over left hemisphere language cortices during two common language tasks, verb generation and picture naming. We observed that the very high frequencies of the ECoG (high-gamma, 70-160 Hz) track language processing with spatial and temporal precision. Serial progression of activations is seen at a larger timescale, showing distinct stages of perception, semantic association/selection, and speech production. Within the areas supporting each of these larger processing stages, parallel (or "incremental") processing is observed. In addition to the traditional posterior vs. anterior localization for speech perception vs. production, we provide novel evidence for the role of premotor cortex in speech perception and of Wernicke's and surrounding cortex in speech production. The data are discussed with regards to current leading models of speech perception and production, and a "dual ventral stream" hybrid of leading speech perception models is given.
Introduction
Human language can be studied only indirectly in animal models, and therefore linguistic neuroscience depends critically on methods of human neuroimaging. Human intracranial studies, using indwelling electrodes in neurosurgical patients, provide a rare opportunity to achieve both high spatial and temporal resolution. Recent ECoG studies in awake patients have shown that the high-gamma band (γ high , ~60-300 Hz, typically studied from ~70-160 Hz) provides a powerful means of cortical mapping and detection of task-specific activations (Crone et al., 1998 (Crone et al., , 2001 Edwards et al., 2005; Canolty et al., 2007; Towle et al., 2008; Edwards et al., 2009) . Furthermore, γ high has emerged as the strongest electrophysiological correlate of cortical blood-flow (Logothetis et al., 2001; Brovelli et al., 2005; Mukamel et al., 2005; Niessing et al., 2005; Lachaux et al., 2007) , often showing even higher correlations with bloodflow measures than multi-unit spiking activity. The γ high band also exhibits excellent signalto-noise ratio (SNR), with event-related increases clearly seen at the single-trial level or after averaging only a few trials (see . The present study uses these advantages of the γ high band to study the topography and temporal sequence of cortical activations during two common language tasks, verb generation and picture naming.
Verb generation (Petersen et al., 1988 (Petersen et al., , 1989 ) is a semantic association task where a noun is presented and the subject responds with an associated verb. Recent neurosurgical studies emphasize the verb generation task for use in preoperative and intraoperative language mapping (Herholz et al., 1997; Thiel et al., 1998; Ojemann et al., 2002) . Picture naming is a common language task employed in neurosurgical language mapping (Penfield and Roberts, 1959; Ojemann et al., 1989; Sinai et al., 2005) and aphasia assessment (Goodglass et al., 2000) . This task has similar speech production requirements as verb generation (speaking a single word), but may not activate semantic areas as strongly (Herholz et al., 1997) . For picture naming, there is usually only one correct answer, and the task of associating a concretely presented object with a noun is one of the earliest linguistic skills mastered developmentally. In verb generation, the patient must creatively link a noun to a verb with freedom to choose amongst competing response alternatives, requiring more executive-level semantic selection (Thompson-Schill et al., 1998) . The available evidence consistently implicates inferior and middle frontal gyri (IFG and MFG) , in addition to other widely distributed cortical areas, in the semantic association/selection aspects of the verb generation task (Petersen et al., 1988; Herholz et al., 1997; Thiel et al., 1998; Thompson-Schill et al., 1998; Ojemann et al., 2002) . The ECoG method does not allow complete or arbitrary spatial coverage, since the electrode placements are determined for clinical purposes, so we will not be able to study the full network involved in "semantics", and will limit our scope to the areas that do find exposure in our cohort.
In the version of the verb generation task used here, the stimulus is an auditorily presented noun, allowing the study of single-word speech processing. In the Supplementary Information (SI), we also present results for other auditory and speech processing tasks performed in the same patients. Receptive speech has traditionally been associated with Wernicke's (1874) area of the posterior superior temporal gyrus (STG) and surrounding areas. Current models of speech perception include greater Wernicke's area, but also implicate a "dorsal" stream that includes regions also involved in speech motor processing (Hickok and Poeppel, 2007) . The involvement of motor areas in speech perception was foreshadowed in a long tradition of motor theories of speech perception (Liberman et al., 1967) , but neuroimaging evidence was only recently obtained (Wilson et al., 2004; Meister et al., 2007) .
Verb generation and picture naming involve similar speech production requirements, allowing within-subject confirmation of single-word speech production activations with two distinct "lead-in" tasks. One of the outstanding questions for speech production is the possible role of posterior (Wernicke's and surrounding) areas traditionally associated with speech perception. There is now strong evidence for a motor speech area of the posterior superior temporal plane (STP) near to or overlapping with the temporal-parietal junction (TPJ), a finding foreshadowed in earlier studies of conduction aphasia (Wise et al., 2001; Bates et al., 2003; Buchsbaum et al., 2005; Hickok and Poeppel, 2007) . Another outstanding question in speech production is which cortical regions are involved in preparing the phonological representation used to guide articulation. A leading model (Levelt, 1999; Indefrey and Levelt, 2004) implicates the posterior STG (pSTG), but we present here the first evidence combining high spatial and temporal resolution and arrive at a different conclusion.
Methods

Patients
A total of 4 patients (3 ♀, 1 ♂) with intractable epilepsy were studied several days after surgery for implantation of subdural electrodes. All patients were right-handed, native English speakers, and all were left-hemisphere dominant as assessed by a pre-operative intracarotid amobarbital test using picture naming (full details in Loring et al., 1997) The seizures had begun 5-31 years prior to surgery (seizure onsets at age 13, 32, 8, and 12 y.o., respectively). The purpose of the electrode implant was to monitor/localize seizure activity, so all patients had been tapered off of antiseizure medication in order to record ictal events (>24 h before the reported tasks). The electrodes were also used for electrical stimulation mapping (ESM) of language and motor sites. We present no formal comparison of our ECoG results to the clinical ESM results (e.g., Sinai et al., 2005 Sinai et al., , 2009 Towle et al., 2008 ), but we note that the ESM-identified mouth motor sites (ventral peri-Rolandic cortices) were also identified with excellent correspondence by ECoG activations during speech production. Patients consented to participate in the present study, which posed no additional risk, and were cooperative in performing the verb generation task and a variety of other tasks; task order was random across patients. All testing was at bedside in the post-operative monitoring rooms.
The focus of the main text is on two subjects (Patients 1 and 2) of normal or better intelligence and language ability. Both patients underwent comprehensive neuropsychological evaluation (including WAIS-III, WRAT-3, D-KEFS, WCST, etc.) by the clinical team, and performed average or above-average on all measures. In the research study, both subjects performed well on a variety of auditory, motor and language tasks (e.g., phoneme identification, single-word processing, mouth-motor mapping, picture naming, and verb generation). In both patients the seizure focus was in the medial temporal lobe and only restricted portions of the temporal lobe exhibited interictal epileptiform activity. In Patient 1, a group of 14 anterior temporal electrodes showed interictal epileptiform activity and was excluded from the present analyses. In Patient 2, a group of 4 inferior temporal electrodes showed interictal epileptiform activity and was excluded (gray-white circles in Fig. 1 ). It should be emphasized that these two patients are ideal patients for language studies amongst the larger cohort of epilepsy patients that generally have more widespread epilepsy and/or compromised cognitive abilities. They are also above average amongst those epilepsy patients considered as candidates for language mapping and resection, who generally have more focal epilepsy and preserved language function than the total epilepsy population.
In the SI, two additional patients (Patients 3 and 4) are shown to reinforce the main findings from the speech perception and production intervals only. Patient 3 was of approximately normal cognitive ability, and Patient 4 was below normal although still more than able to understand and speak single words. Both performed well for picture naming and adequately for verb generation. Both exhibited more widespread epileptic activity across the grid as compared to the restricted foci of interictal activity exhibited by Patients 1 and 2. It is for these reasons (and to save space in the main text) that these results are relegated to the SI, but we believe the results to be fully valid with respect to the two main findings: location of speech perception activations on the STG, and the strictly post-response activation from the STG during speech production.
Verb generation task
The verb generation task (Petersen et al., 1988 (Petersen et al., , 1989 ) is a semantic association task where a noun is presented and the subject must respond with an associated verb. In the variation used here, the noun was an auditory stimulus (median duration 470 ms) synthesized using Text Aloud software based on AT&T Natural Voices (http://www.nextup.com/TextAloud/). Although no perceptual studies were done, the female voice was clear and natural sounding (i.e., no choppiness or roughness characteristic of some early speech synthesizers). Stimuli were presented at roughly 60 dB SPL from 2 loudspeakers placed ~1 m in front of the patient on a tray table overlying the patient bed. 
Picture naming task
The task used here was based on the Boston Naming Test (Kaplan et al., 1983) . 60 line drawings (black lines, white background) were presented twice each on an LCD monitor ~1 m in front of the patient. The pictures were displayed for ~4 s, and then were removed briefly (white background for ~60 ms) before the presentation of the next picture (SOA range 3.5-4.5 s, mean 4.0 s). A photodiode on the corner of the monitor was recorded as an analog channel for exact stimulus timing with the ECoG. The patient's task was simply to name the picture, with responses spoken into a microphone. The microphone was also recorded as an analog channel with the ECoG for exact response timing. Most of the pictures were common, easily-recognized objects with essentially one correct answer ('scissors', 'umbrella'), but a few were more difficult or allowed multiple response possibilities ('latch'). Both patients performed this task with no difficulty and neither patient made any errors or late responses (>3.5 s that would have contaminated the baseline of the following trial). Experimental and display (screensaver) errors lost 5 trials in Patient 1 and 4 trials in Patient 2, and the first trial was rejected in all cases. Artifact rejection and other data analyses were identical to those for the verb generation task.
ECoG recordings
Electrodes are embedded in clear silastic in an 8-by-8 array with 1 cm center-to-center spacing. The electrodes are platinum-iridium disks with 2.3 mm contact diameter (impedance ~1-10 kΩ). Additional strips of electrodes (also 1 cm spacing) extended over orbito-frontal, parietal or other cortices. A high-resolution T1 MRI scan was obtained preoperatively for each patient, and a 3D MRI reconstruction was made using BET2 (www.fmrib.ox.ac.uk/analysis/research/bet) and MRIcro (www.sph.sc.edu/comd/rorden/mricro.html). Electrodes were localized on the MRI using intraoperative photographs and post-implant X-rays ( Fig. 1 ; Dalal et al., 2008) . Localizations were additionally constrained by the requirement to be on the cortical surface and by the known 1 cm inter-electrode spacing. MNI coordinates were obtained for all electrodes using SPM2. Although there is some error associated with this procedure (roughly ± 0.5 cm), incorrect localization relative to major gyral and sulcal landmarks is unlikely given the clear intraoperative photographs.
ECoG was recorded continuously throughout the task at a sampling rate of 2003 Hz, with an amplifier filter bandpass of 0.01-250 Hz or 0.01-1000 Hz. The original recordings used one electrode from the corner of the grid as the reference, but all data were subsequently rereferenced to the common average (CAR). The CAR consists of the mean across all nonepileptic electrodes, excluding sample points rejected for artifacts. The CAR approximates the activity contributed by the original reference, so subtracting the CAR from each channel largely removes contributions of the original reference electrode (see Crone et al., 2001 for a discussion of the CAR in ECoG recordings). The original reference was not used and is omitted in the figures.
Data analyses
Time-frequency (TF) analyses used a Gaussian filter bank and the Hilbert transform on each channel separately (Edwards et al., 2009 ). There is one Gaussian filter (Gaussian-shaped window in the frequency domain) in the filter bank for each of 42 center frequencies (cfs) from 4-250 Hz. For each cf, the result is a time-series of analytic amplitude (AA) of the same sampling rate (2003 Hz), duration (~7 min), and units (μV) as the original ECoG recording. The AA is a formal means of obtaining the envelope of a signal. See Supplementary Information (SI) for details and an illustration of the method. The envelopes of the frequency bands from 70-160 Hz are averaged together to form the γ high AA used in all results shown. Although the full γ high band ranges from ~60-300 Hz, only the range from 70-160 Hz was used in order to avoid electrical artifacts at 60 and 180 Hz, and because this is the frequency range of maximal response. All single-trial data (Figs. 2-5d) are shown in units of z-score (calculated by subtracting the baseline mean and dividing by the baseline standard deviation). All other results (Figs. 2-5c, e) are shown in units of percentage (%) changes from the baseline mean. The baseline for all analyses was −250 to 0 ms pre-stimulus.
Event-related averages of γ high AA are taken relative to stimulus and response onsets. In order to show the semantic association interval -which is not strictly time-locked to external events -on one time-line with the sensory-locked and motor-locked responses (Figs. 2c, 3c), the single-trials are realigned to the median RT prior to averaging. The realignment procedure (see Supplementary Methods) only affects the epoch from 500 ms post-stimulus to 250 ms preresponse, which is essentially expanded/contracted to match the median RT. The data before this interval are averaged locked to the stimulus, and the data after are averaged locked to the response.
To assess if a change in AA is significantly different from baseline, we use the resampling method of our prior studies (Edwards et al., 2005 (Edwards et al., , 2009 ). Briefly, a null distribution of AA is made by resampling single-trial baseline values and averaging 5000 times. The P value for a given AA is its percentile location in the null distribution. Raw P values are corrected for multiple comparisons using the false-discovery rate (FDR) approach (Benjamini and Hochberg, 1995; Nichols and Hayasaka, 2003) . Note that in Figs. 2-5, the same data and P values are used in parts c and e, only presented in different form (time course in c, spatial topography in e).
Results
Auditory, motor, and language tasks were performed over the course of 2-3 days in each patient, including the verb generation and picture naming tasks. The SI gives complementary results from additional auditory tasks. TF analysis of the ECoG used a Gaussian filter-bank and the Hilbert transform, yielding a time-series of analytic amplitude (AA, envelope of the filtered signal) for each frequency band. We focus on γ high (averaged over the range 70-160 Hz), since this band shows the most robust tracking of language activations. Significant γ high activations were in the range of ~10-100% greater than baseline levels (Figs. 2-5c), with a sufficient SNR to study single-trial averages with only a 3-trial moving-window average (Figs. 2-5d). Full TF results from 4-250 Hz are presented for comparison in the SI (Fig. S4 ).
Verb Generation Task
The median RT was 1.25 s for Patient 1 (range: 0.87-3.45 s) and 1.48 s for Patient 2 (range: 0.85-3.1 s). For Patients 3 and 4 (SI), the median RTs were 2.05 s and 1.67 s, respectively. The γ high results show three broad stages of cortical processing for the verb generation task: speech comprehension of the auditorily-presented noun, semantic processing for selecting an associated verb, and a speech production interval surrounding the verbal response. These broad stages, each of ~0.5-1 s duration, follow each other with only partial overlap (serial stages). Within each of these stages, highly overlapping activation time courses are seen (parallel or incremental processing). The results are organized by the three broad intervals of processing.
Speech perception
Several activation foci are seen during the speech perception interval (~50-600 ms following stimulus onset), including Wernicke's area (mid-to-posterior STG and MTG, see Fig. 1 for abbreviations), the precentral gyrus (sPMv), and regions of the central and parietal operculum just dorsal to the Sylvian fissure. All of the activation results are confirmed in detail during a single-word auditory task (Figs. S5, S6 ).
In Patient 1 (Fig. 2) , the activation focus shifts from the pSTG site (dark blue electrode, MNI: −65, −52, 18 mm) at ~100 ms to the pMTG site (turquoise electrode, MNI: −65, −53, 2 mm) at ~300 ms. The sPMv site (orange electrode, MNI: −55, −26, 49 mm) also exhibited significant auditory activations (~75% above baseline, P<0.02) peaking at ~310 ms. One electrode on the central operculum (red electrode, MNI: −65, −19, 9 mm) showed a similar activation profile as sPMv, except with a greater weighting for the response (post-stimulus activation ~40%, post-response activation ~120%). Additional auditory-responsive electrodes without any motor responses were found on the most anterior-inferior part of the SMG (parietal operculum, MNI: −64, −39, 17 mm) and on the mid-STG directly lateral from Heschl's gyrus (MNI: −67, −26, 1 mm). It is noted (see Discussion on dual ventral streams) that the mid-STG electrode is located over 2 cm anterior to the pSTG focus, and exhibits no significant activations during the semantic or pre-response intervals of picture naming or verb generation.
In Patient 2 (Fig. 3) , the early (~100 ms) auditory activations are focused on the mid-STG, with the peak at the mid-STG electrode directly lateral from Heschl's gyrus (dark blue electrode, MNI: −68, −12, −3 mm). The posterior Sylvian morphology was considerably different in this patient compared to Patient 1, terminating at a relatively anterior level with both ascending and descending terminal rami (Ono et al., 1990, p. 148) . Two auditory responsive electrodes were found around these posterior Sylvian branches, but neither seems to be the typical pSTG site (as seen in Patients 1, 3 and probably 4). The first was on the most anterior-inferior SMG or parietal operculum (turquoise electrode, MNI: −67, −30, 17 mm) and it exhibited a purely auditory response profile with peak (55%, P<0.02) at ~300 ms. The second was just posterior to the descending terminal ramus (MNI: −70, −44, 11 mm), but its responses were relatively weak (peak ~20%, ~300 ms) and so it is not studied further or shown separately in Fig. 3 . It is possible this electrode was near the typical pSTG site located within the descending ramus or another nearby sulcus for this patient. Just superior to this electrode on the TPJ was the important electrode labeled 'Spt/TPJ' (red electrode in Fig. 3 , MNI: −69, −41, 22 mm). Although its response was stronger during the motor interval, it also gave significant (30%, P<0.02) auditory activations peaking at ~300 ms. A similar activation profile was obtained from the sPMv site (orange electrode, MNI: −54, −6, 52 mm), and from another precentral electrode (dark red, MNI: −62, −1, 29) that gave a weak (~15%) but significant (P<0.02) auditory response at ~400 ms. In all electrodes, the peak latency is only a rough indication since a sustained plateau of 100-500 ms duration was the general rule.
Semantic association
Activations during the semantic processing interval (~600 ms post-stimulus to ~200 ms preresponse) are distributed over IFG, MFG, and SMG sites, generally considered higher, association areas of neocortex. The IFG and MFG activations are seen most clearly in Patient 1 (Fig. 2) due to more anterior placement of the grid. In Patient 2 (Fig. 3) , the more posterior placement allows imaging of posterior SMG sites (yellow electrodes), which exhibit an activity profile similar to the prefrontal pattern. Typical activations in association cortices were 10-40% above baseline during the semantic interval, with the highest peak level at 65% (Patient 2, dark green electrode in MTG). Although these were significant (P<0.02), they are generally weaker than sensory and motor activations. In Patient 1, the pMTG site shows significant activation (10-25%, P<0.02) during the semantic association interval, in contrast to the STG sites that return completely to baseline or below baseline levels (−10% to 10%) following stimulus processing (~800-1200 ms).
Speech production
Speech production activations begin ~300 ms prior to verbal response in the peri-Rolandic cortices (pre-and post-central gyri) of both patients. In stark contrast to the peri-Rolandic timecourses, STG sites were active in the speech production interval following response onset (peak at ~150-500 ms post-response). This is consistent with self-stimulatory auditory activations from the patient's own voice. In both patients, STG and MTG sites were generally less active in the post-response interval than in the post-stimulus interval, consistent with notions that auditory feedback is suppressed during speech production (Houde et al., 2002; Towle et al., 2008) . However, in Patient 1 the more anterior pSTG site (blue electrode, MNI: −66, −46, 10 mm) showed equal stimulus-related and response-related activation levels (~100%, P<0.02), consistent with an active role in feedback control of speech production (Indefrey and Levelt, 2004; Tourville et al., 2008) . This same pSTG site gave the peak auditory activation during a phoneme task (Fig. S5c-d) . In Patient 2, both mid-STG sites were less active during production than perception. However, it was the more anterior STG site (dark blue) and the parietal operculum site (turquoise) that showed the strongest activations during the post-response interval, and these were also the sites giving the peak auditory activation during the phoneme task ( Fig. S6c-d) . This is consistent with participation in an external loop of self-monitoring during speech production, with a special focus at the phonological level of representation (Indefrey and Levelt, 2004) .
In Patient 2, a surprising activation was found at a posterior peri-Sylvian site that showed clear motor-related activity (red electrode, MNI: −69, −41, 22 mm). This site is located just posterior to the branch point of the Sylvian fissure on the TPJ (Fig. 1b , labeled 'Stp/TPJ'), but its response profile was very similar to premotor sites (Fig. 3c) . Thus, this TPJ electrode represents a restricted focus of response-related activation surrounded by completely different activation profiles in the STG and SMG, emphasizing the spatial resolution of γ high effects. This TPJ activation is not understood in terms of classic models of anterior vs. posterior involvement in speech production vs. perception. However, it confirms more recent findings and models that implicate this posterior TPJ area in speech production (called 'Tpt' or 'Spt') (Wise et al., 2001; Hickok and Poeppel, 2007) . Our findings suggest it extends onto the free surface of the TPJ in some individuals, particularly those with a short posterior extent of the Sylvian fissure as seen in Patient 2.
Picture Naming Task
Both patients performed this task without difficulty, and neither made any errors or late responses (>3.5 s that would have contaminated the baseline of the following trial). The γ high results are organized according to the stages of visual perception, semantic processing, and speech production.
Visual perception
Visual areas were generally not covered and few visual responses were obtained. In Patient 1 (Fig. 4) , only the most inferior-posterior electrode (MNI: −62, −59, 11 mm) showed an early visual processing response at ~100 ms (~40% increase, P<0.02). In Patient 2 (Fig. 5) , only electrodes from an inferior temporal strip contacting the fusiform gyrus (not shown) exhibited visual responses.
Semantic association
Significant activations with time courses consistent with a role in semantic association (or, in any case, inconsistent with a role in either visual or motor processing) were observed in several of the prefrontal sites implicated in the verb generation task. Prefrontal activations were weaker and less extensive in picture naming relative to verb generation. For example, the MFG electrode of Patient 1 (Fig. 4 , dark green electrode) peaked at 25% above baseline, compared to 65% during verb generation. In Patient 2 (Fig. 5) , the SMG sites (e.g., the yellow electrode, MNI: −61, −43, 47 mm) again showed an activation time-course similar to prefrontal sites, peaking at ~400-500 ms post-stimulus (~20-40%, P<0.02). These were only slightly weaker than during verb generation, but of shorter duration.
In Patient 1 (Fig. 4) , the pMTG site (turquoise electrode, MNI: −65, −53, 2 mm) exhibited significant elevation of activity (20-40%, P<0.02) during the semantic association interval (~350 ms post-stimulus to ~200 ms pre-response) of the picture naming task. In fact, this was slightly stronger and of longer duration than its activation during the verb generation semantic interval. The pSTG sites (darker blue electrodes), by contrast, show no activation or weak suppressions (−10 to 0%) during this interval, supporting the assertion that the pSTG plays a role primarily in acoustic-phonetic processing, whereas the pMTG plays an additional linguistic role at the word-form or semantic level (Binder et al., 2000; Bates et al., 2003; Dronkers et al., 2004; Indefrey and Cutler, 2004; Hickok and Poeppel, 2007) .
Speech production
Precentral sites, including sPMv, exhibit robust (~100%, P<0.02) γ high increases surrounding the speech production interval in both patients. The pattern is very similar to the speech production interval of the verb generation task. As in the verb generation task, STG sites exhibit robust (40-100%, P<0.02) γ high increases beginning after speech onset, implicating them only in auditory feedback during speech production.
In Patient 1 (Fig. 4) , the precentral electrodes attain significance (P<0.02) as early as ~550 ms prior to response onset and rise steadily until just after response onset (peak levels at 50-200 ms). The postcentral electrode (dark red, MNI: −63, −26, 33 mm) shows a similar pattern but shifted somewhat later in latency. In the post-response interval, it was again the anterior of the two pSTG sites (blue electrode, MNI: −66, −46, 10 mm) that showed the strongest auditory feedback response (>100%, P<0.02). This is the same site showing the peak activation to phoneme stimuli (Fig. S5) . These sites showing post-response activations may be involved in an external loop of monitoring during speech production (Levelt, 1999; Indefrey and Levelt, 2004) .
In Patient 2 (Fig. 5) , activations in ventral peri-Rolandic cortex began ~400 ms prior to verbal response onset, peaking ~50-200 ms after response onset. The same pattern is observed at the Spt/TPJ site (red electrode, MNI: −69, −41, 22 mm) implicated above in speech production. On the other hand, activations in STG and peri-Sylvian auditory-responsive sites begin strictly following response onset (peak ~300-500 ms post-response).
Overall, the results from picture naming confirm in every case the functional roles demonstrated in the verb generation task for speech production, including auditory feedback. The semantic activations exhibited a high degree of overlap, but with less intense and less widespread activation for naming than verb generation.
Discussion
We have used the unique advantages of ECoG γ high mapping (Crone et al., 2006) to study cortical language processing during verb generation and picture naming. Taken together, the results show consistent agreement of γ high activation topographies with results of functional imaging studies, adding further evidence to the strong empirical relation of γ high levels to measures of blood-flow (Darrow and Graf, 1945; Logothetis et al., 2001; Brovelli et al., 2005; Mukamel et al., 2005; Niessing et al., 2005; Lachaux et al., 2007) . The activation timecourses revealed by γ high mapping are consistent with known or postulated roles of different cortical areas in language processing.
An important feature of the present study is that a variety of tasks were studied within each single subject. Thus, verb generation and single-word processing share common speech perception demands and consistent spatio-temporal activation patterns were observed in the two tasks. Likewise, verb generation and picture naming involve similar speech production demands and show consistent activation patterns during the pre-and post-response intervals. Perhaps most importantly, this study allows comparison of speech perception and production at the identical sites of a single subject. This is in contrast to neuroimaging studies where activations for a single task are averaged over individuals, with the resultant effect of blurring over individual variability in the location of relevant functional regions. Comparisons between speech perception and production sites would typically involve comparison of mean localizations in two data sets obtained with different subjects. We observe distinct activation profiles from sites separated by only 1 cm, and there is large intersubject variability in macroanatomy (sulci, gyri) and in functional localization relative to both macroanatomy and standard coordinate systems (Roland and Zilles, 1998; Rademacher, 2002) . Thus, there are distinct advantages to the present approach of studying across tasks within a single subject. The major disadvantage of the present approach is the lack of spatial coverage, most notably of intrasulcal regions. The other major limitation is the small number of patients studied. Although our main findings are supported by N=4, some other findings here are based only on N=2 or even N=1. These are small numbers compared to most neuroimaging studies in normal subjects.
The discussion is organized according to the three broad stages of activation during the verb generation task: speech perception, semantic association/selection, and speech production. Picture naming is discussed with respect to the latter two.
Speech perception
During speech comprehension (~50-650 ms following stimulus onset), activations are focused in and around Wernicke's area. A large body of evidence supports a role for the pSTG in acoustic-phonetic aspects of speech processing (Boatman et al., 1995; Binder et al., 2000; Crone et al., 2001; Hickok and Poeppel, 2007) , whereas more ventral sites such as the pMTG are thought to play a higher linguistic role linking the auditory word form to broadly distributed semantic knowledge (Bates et al., 2003; Dronkers et al., 2004; Hickok and Poeppel, 2007) . Accordingly, the activation focus shifts from the pSTG at ~100 ms to the pMTG site at ~300 ms in Patient 1. Also, the pMTG site shows significant activation during the semantic association interval of the verb generation and picture naming tasks, in contrast to the pSTG sites that remain at or below baseline levels during this interval. This is consistent with a greater lexical-semantic role for pMTG relative to a more acoustic-phonetic role for pSTG. The activation time courses in these areas are highly overlapping, supporting models of speech perception where results of acoustic and phonological processing are made immediately available to higher processing stages as the information accumulates (McClelland and Elman, 1986; Warren and Marslen-Wilson, 1987; Pulvermüller et al., 2006) . Traditional serial models, whereby each discrete stage completes its processing before passing its final output to the next stage, are not supported. Beyond Wernicke's area, speech processing activations are observed in the precentral gyrus of both patients. Although not part of the classic network for speech comprehension, this area is implicated in recent fMRI (Wilson et al., 2004 ) and other studies (Meister et al., 2007; Brown et al., 2008) of speech perception, and is included in contemporary models (Hickok and Poeppel, 2007) . We observe that the premotor area is more responsive to speech sounds compared to simple tone stimuli (Figs. S5, S6) , consistent with other evidence that this region is preferentially responsive to speech (Wilson et al., 2004; Hickok and Poeppel, 2007; Meister et al., 2007) . We note that speech perception activations are observed in these dorsal stream areas even without sub-segmental processing, suggesting a partial reconsideration of this point in a recent model (Hickok and Poeppel, 2007) .
In the ventral stream, we find intersubject variability in the anterior-posterior location of speech activations. Patient 2 shows the main focus at the mid-STG, Patient 3 shows the main focus at the pSTG, and Patients 1 and 4 show both foci (bimodal). The STG can be quite thin (sometimes < 1 cm wide in the dorsal-ventral dimension), so our spacing of 1 cm may have missed one of the foci in some patients. In Patient 2, a weakly responding electrode was found just posterior to a descending ramus of the Sylvian fissure, so the usual pSTG site may have been present within this or another sulcus. Thus, all 4 patients may have had the pSTG focus, but it was not optimally sampled in some patients due to the 1 cm spacing and lack of intrasulcal coverage. The total topographical distribution we observe is bimodal.
Prior evidence for a bimodal representation on the STG also exists, for example in the electrical stimulation results of Miglioretti and Boatman (2003) and in the meta-analysis of Indefrey and Cutler (2004) . This may explain some apparent inconsistencies in the literature, and we suggest that the ventral stream traversing the STG can be conceived of as two separate, but overlapping, pathways (overlapping topographically and in terms of function). The more anterior ventral stream corresponds to the "pathway of intelligible speech" of Scott et al. (2000) , proceeding laterally from Heschl's gyrus and terminating in the anterior STS. The more posterior ventral stream corresponds to the pathway emphasized in the depiction of Hickok and Poeppel (2007) , proceeding from the planum temporale and terminating in the mid-to-posterior STS and MTG. In some subjects, the dual ventral streams are essentially merged at the mid-toposterior STG, and in others a clear separation is seen. The anterior vs. posterior distinction for temporal lobe speech processing sites follows the findings and models of Scott, Wise and colleagues (Crinion et al., 2003; Scott and Wise, 2004; Jacquemot and Scott, 2006; Spitsyna et al., 2006) , where the posterior portion plays a larger role in phonological working memory (also consistent with our data, see below). Thus, the model that is most consistent with our data to date (including a larger cohort of patients not given in this study) is a hybrid of these two leading models. We represent this hybrid by dividing the ventral stream of Hickok and Poeppel (2007) into anterior and posterior components (Fig. 6) . Following simultaneously the suggestions of these two models, the anterior ventral stream is more connected with Broca's (1861) area and more involved in sentence-level processing, whereas the posterior ventral stream is more connected to the Spt/TPJ region and more involved in single-word speech production and phonological working memory.
Semantic association
Verb generation and picture naming both require semantic association, but the verb generation task is more difficult and requires more controlled (executive-level) processing in this regard (Thompson-Schill et al., 1998) . The semantic activations exhibited a high degree of overlap, but with less intense and less widespread activation for naming than verb generation, consistent with prior studies comparing the two tasks (Herholz et al., 1997; Ojemann et al., 2002) . Consistent with evidence for topographical differences in noun vs. verb representation (Damasio and Tranel, 1993) , prefrontal sites showed relatively greater activation during verb generation and the pMTG site showed somewhat greater activation in the semantic interval for picture naming. Semantic representation and processing involve widely distributed cortical areas, only some of which find exposure in the current study. This is the major limitation of the ECoG mapping technique -the lack of complete spatial coverage of all relevant cortical areas.
Our results, in combination with prior studies and models, lead to the following model of picture naming. Early visual processing and object recognition take place in occipital and inferior temporal areas ('what' pathway). This process takes ~150 ms, following Levelt et al (1998) . The representation of the object in the 'what' pathway and nearby inferior temporal areas itself constitutes a major aspect of the conceptual-semantic representation. Additional semantic and syntactic ("lemma") associations are also activated after ~150 ms (Levelt et al., 1998) , and during this interval of highly variable duration (depending on the subject, the difficulty of the current object, etc.), the word to be spoken is selected. This involves some of the same sites -PFC, SMG, and other association cortices -involved in the semantic selection stage of verb generation, but not as strongly given the more constrained set of word choice alternatives. The speech production stage is discussed below.
Speech production
Speech production activations begin ~300 ms prior to verbal response in the peri-Rolandic cortices (pre-and post-central gyri) of both patients, usually peaking at 100-200 ms after response onset. The role of ventral peri-Rolandic cortices in speech motor functions has long been appreciated (Penfield and Roberts, 1959) and is not discussed further. Some of these same sites (e.g., sPMv) also exhibited auditory responses preferential to speech stimuli and are part of the dorsal stream.
Although involvement of Wernicke's area in speech production has been suggested by several authors, this is the first data to document the participation of traditional Wernicke's area (midto-posterior STG) only in post-response auditory feedback, while demonstrating a clear preresponse activation from the nearby Spt/TPJ. One major model of speech production implicates pSTG in pre-response encoding of the phonological word for speech production (Indefrey and Levelt, 2004) , but the present data suggest a revision to this aspect of the model. We suggest instead that the common route to speech production is through verbal/phonological working memory (WM) using the same dorsal stream areas (Spt/TPJ, sPMv) implicated in speech perception and phonological WM (Jacquemot and Scott, 2006; Hickok and Poeppel, 2007; Buchsbaum and D'Esposito, 2008) . The observed pre-response activations at these dorsal stream sites are suggested to subserve phonological encoding and its translation to the articulatory score for speech. Post-response Wernicke's activations, on the other hand, are involved strictly in auditory self-monitoring.
Several authors (Dell et al., 1997; Levelt et al., 1998; Jacquemot and Scott, 2006) support a model in which the route to speech production runs essentially in reverse of speech perception, i.e., from conceptual level to word form to phonological representation. This framework is generally consistent with our data, with the pMTG activation representing part of the spread from conceptual to word form representations. The activations may then spread back to the pSTS representing the phonological level (abstract representation of syllable sequence) (Hickok and Poeppel, 2007) . However, there is no further reverse spread to the pSTG and we observe response-related activity only from motor and dorsal stream areas (Spt/TPJ, PMv, Broca's area). These same dorsal stream areas are also implicated in verbal/phonological WM (Shallice and Warrington, 1977; Paulesu et al., 1993; Vallar and Papagano, 2002) , and we follow the suggestion (Jacquemot and Scott, 2006; Buchsbaum and D'Esposito, 2008) that the common route to single-word speech production is through phonological WM areas. Consistent with our observation in 4/4 patients of absolutely no pre-response activity in the STG, we dispense of any postulated role for the STG in formation of the "phonological word". Rather, the phonological level of representation used in speech production is none other than phonological WM, supported primarily by dorsal stream areas. Ventral stream areas (STG, STS, MTG) also include a phonological level of representation for speech perception and immediate (echoic) WM (Hickok and Poeppel, 2007) . The reverse spread of activation in these areas during speech production likely reaches the phonological level (~STS), but no further (STG). The reverse-activated ventral stream areas provide input to the formation of the "phonological word" in dorsal stream areas for phonological WM. Dorsal stream and motor areas translate the phonological code into the articulatory score that guides overt speech.
How can we account for the results from two studies (Levelt et al., 1998; Indefrey and Levelt, 2004) implicating the Wernicke's area (pSTG) in pre-response phonological encoding? The most likely answer to this question is that both of these studies may have lacked sufficient spatial resolution. The pSTG is flanked on both sides by sites that are activated during the preresponse interval (Spt/TPJ above and STS/MTG below). Levelt et al. (1998) implicated the pSTG in pre-response activity based on dipole fitting of evoked MEG field levels. This method may lack the spatial resolution to avoid mixing from nearby Spt/TPJ and STS/MTG sources, especially given that ERPs exhibit a different and more widespread topography than γ high (Crone et al., 2001; Edwards et al., 2005 Edwards et al., , 2009 . Also, most of their dipoles were actually localized to the region of the Spt/TPJ, not pSTG (see their Fig. 5) . The meta-analysis of Indefrey and Levelt, (2004) considered ROIs on a Talairach-based parcellation of cortex that did not distinguish intrasulcal regions. Activations "near the border" of two ROIs were counted towards both ROIs, so both STS/MTG and Spt/TPJ activations would likely have been included in the pSTG ROI. The effects of smoothing and averaging discussed above also apply to this meta-analysis. Also, given the low temporal resolution of PET and fMRI, post-response pSTG activations may not have been excluded.
One qualification must be placed on the above critique -the superior bank of the STS can be included in the pSTG. For example, the fMRI study of Buchsbaum et al. (2001) found two "pSTG" sites involved in speech production. One was centered on posterior intra-Sylvian cortex and parietal operculum (i.e. area Spt/TPJ), and the other was the posterior STS. Taking this larger definition of pSTG that includes several dorsal and ventral stream areas, a role for pSTG in phonological representation for speech production can be claimed. However, Indefrey and Levelt, (2004) imply that this representation is centered on the free surface of the pSTG, and no distinctions were made for intra-Sylvian or STS sources. The present data provide greater anatomical specificity to the claim of Wer-nicke's and "pSTG" involvement in speech production -the early ~half of the ventral stream, including the free surface of the pSTG in most subjects, is only involved in post-response auditory feedback. The second ~half of the ventral stream (MTG, STS) is reverse activated in going from conceptual to lexical to phonological levels of representation, and these link to dorsal stream WM areas including Spt/ TPJ for eventual articulation. Previous authors have noted that the Spt/TPJ region displays a heterogeneous and finely subdivided set of functional and cytoarchitectonic fields (Scott and Johnsrude, 2003) , and we observe completely distinct activation profiles separated by 1 cm in this region. Thus, we cannot fault previous authors for overlooking such finely spaced distinctions, but further progress in this area will require the type of anatomical specificity discussed here.
We have studied speech production using two common language tasks, verb generation and picture naming. We observe robust pre-response activations in dorsal stream areas also implicated in phonological WM and suggest these sites as the common route to speech production, including phonological representation of the to-be-spoken word. Our results provide the first unambiguous demonstration of post-response (feedback) activation of STG, with a clear absence of pre-response activations. Such evidence is only obtainable with a method combining high spatial and temporal resolution, such as ECoG mapping with γ high . A working model for the physiological origins of the γ high signal is presented in the SI.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Electrode locations on 3D MRI reconstructions. Electrodes are embedded in silastic in an 8×8 array with 1 cm spacing and implanted on the cortical surface. Additional strips of electrodes contact the orbitofronal cortex (Patient 1) or parietal cortex (Patient 2). Electrodes of special interest in this study (shown in Figs. 2-5) are illustrated in color. Electrodes in grey-white exhibited interictal epileptiform activity and were rejected for analysis. The seizure focus was in the medial temporal lobe in both patients. Major sulci are drawn over the reconstruction to permit faster anatomical interpretations. sts: superior temporal sulcus. pos: postcentral sulcus. cs: central sulcus. prs: precentral sulcus. sfs: superior frontal sulcus. ifs: inferior frontal sulcus. hr: horizontal ramus of the Sylvian fissure (defines border between pars triangularis and pars orbitalis of the IFG). ar: ascending ramus (defines the border between pars triangularis and pars opercularis). The small "H" on the Sylvian fissure indicates the approximate location of Heschl's gyrus within the fissure. Electrodes given special mention in the text are labeled with dashed lines for quick reference. mSTG: middle superior temporal gyrus. pSTG: posterior superior temporal gyrus. pMTG: posterior middle temporal gyrus. sPMv: superior portion of ventral premotor cortex (Wilson et al., 2004) . SMG: supramarginal gyrus. TPJ: temporalparietal junction (this site is suggested to correspond functionally to the speech production area called 'Tpt' or 'Spt'). Verb generation results for Patient 2. Plotting conventions same as Fig. 2 . The second electrode group (green colors) includes sites on the inferior and middle frontal gyri (IFG, MFG). The grid placement was more posterior in this patient, so no coverage was obtained anterior to pars opercularis of the IFG, but coverage of the inferior parietal lobe (IPL) was gained. The third electrode group includes three IPL electrodes on the posterior SMG. The fourth group (red colors) includes one electrode from the TPJ cortex just posterior to the branch point of the Sylvian fissure. Although it is a surprising location from which to observe response-related activity, this electrode responded similarly to the two premotor electrodes and is therefore grouped with them. Picture naming results for Patient 1. Plotting conventions are the same as Fig. 2 . Picture stimuli are black-and-white line drawings and remain displayed throughout each trial. The median RT (1026 ms) is faster for this task than for verb generation. Note that in the absence of visual cortex exposure, only the most posterior-inferior electrode shows strong (~50%) stimuluslocked activation (topography at 100 ms post-stim.). Other activations are discussed in the text and confirm the pattern seen for speech production in the verb generation task. In particular, pSTG electrodes (top row) exhibit only post-response activations. Picture naming results for Patient 2. This patient had a fast response time (median RT 733 ms) in this task. The pattern seen for speech production during verb generation is confirmed, including clear response-related activation of the Spt/TPJ site (bottom row). Wernicke's area (top row) showed only post-response activations. Illustration of a "dual ventral stream" model for auditory speech processing, consistent with our results and prior studies (Crinion et al., 2003; Miglioretti and Boatman, 2003; Indefrey and Cutler, 2004; Scott and Wise, 2004) . The model is identical to that of Hickok and Poeppel (2007) in the overall division between a dorsal stream (DS) and a ventral stream (VS). It additionally specifies that the ventral stream is often split topographically into two streams traversing the STG to the STS and MTG. The anterior ventral stream (aVS) proceeds ventrolaterally from Heschl's gyrus (HG) and belt regions (Scott et al., 2000) . The posterior VS (pVS) and the dorsal stream arise from the planum temporale (Griffiths and Warren, 2002) . In some subjects the anterior and posterior ventral streams may overlap at the mid-STG, but the most common phenotype, and the pattern most likely obtained in a meta-analysis across patients, is a bimodal (dual stream) distribution. The colors in the figure roughly indicate function as acoustic-phonetic (blue), phonological (turquoise), and word-form/lexico-semantic (green). For the dorsal stream, red indicates involvement in speech production. Note that not all dorsal stream areas are labeled here (operculum, insula, etc.). The arrows with color gradients in b indicate that there are no sharp divisions between regions supporting these functional roles. Rather, the auditory processing becomes increasingly linguistic with progression along the ventral stream and increasingly WM-and response-related along the dorsal stream.
